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Abstract Cognitive theory has decomposed human men-
tal abilities into cognitive (sub) systems, and cognitive neu-
roscience succeeded in disclosing a host of relationships
between cognitive systems and specific structures of the
human brain. However, an explanation of why specific func-
tions are located in specific brain loci had still been missing,
along with a neurobiological model that makes concrete the
neuronal circuits that carry thoughts and meaning. Brain the-
ory, in particular the Hebb-inspired neurocybernetic propos-
als by Braitenberg, now offers an avenue toward explaining
brain–mind relationships and to spell out cognition in terms
of neuron circuits in a neuromechanistic sense. Central to this
endeavor is the theoretical construct of an elementary func-
tional neuronal unit above the level of individual neurons
and below that of whole brain areas and systems: the distrib-
uted neuronal assembly (DNA) or thought circuit (TC). It is
shown that DNA/TC theory of cognition offers an integrated
explanatory perspective on brain mechanisms of perception,
action, language, attention, memory, decision and conceptual
thought. We argue that DNAs carry all of these functions and
that their inner structure (e.g., core and halo subcomponents),
and their functional activation dynamics (e.g., ignition and
reverberation processes) answer crucial localist questions,
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such as why memory and decisions draw on prefrontal areas
although memory formation is normally driven by informa-
tion in the senses and in the motor system. We suggest that
the ability of building DNAs/TCs spread out over different
cortical areas is the key mechanism for a range of specifically
human sensorimotor, linguistic and conceptual capacities and
that the cell assembly mechanism of overlap reduction is cru-
cial for differentiating a vocabulary of actions, symbols and
concepts.
Keywords Action perception circuit · Cell assembly ·
Concept · Mirror neuron · Memory cell · Meaning · Semantic
category · Semantics
1 From cognitive psychology to cognitive neuroscience
and neurocomputation
Cognitive theory specifies the subcomponents of cogni-
tion along with their interplay. These components or cog-
nitive systems include modality-specific perception (visual,
auditory, olfactory etc.), motor movement and action, lan-
guage perception and production, attention, memory, deci-
sion, emotion, planning and conceptual thought. The separa-
tion into these systems is also manifest in the subdisciplines
of cognitive and general psychology, which are devoted to
these domains. These systems are seen as functionally inde-
pendent to a degree, although some interaction between them
is generally acknowledged. The top diagram in Fig. 1 presents
a plot of major cognitive subdomains.
Cognitive neuroscience relates these mental domains to
brain structures and led to proposals to map each of the cog-
nitive modules onto one or more brain regions. Common
localizations relate perception to sensory cortices, action con-
trol to motor systems, language comprehension to superior
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temporal and language production to inferior frontal cortex
(Geschwind 1970; Price 2012). Attention is seen as a func-
tion of dorsolateral prefrontal conjoined with dorsal pari-
etal cortex (Duncan 2006), whereas working memory may
draw upon prefrontal along with inferior temporal visual
(“visuospacial scratchpad”) or inferior parietal (“articulatory
loop”) areas (Baddeley 2003). Decisions also emerge from
prefrontal areas, where, reminiscent of a plan-generating and
decision-taking homunculus, a so-called frontal executive
has been postulated (for discussion, see Shallice 1982; Stoet
and Snyder 2009). Concepts, the hallmark of cognition and
thought, are much debated in terms of their localization in
the brain; dominant views either favor a “semantic hub”, that
is, an integration center for all kinds of meanings, or suggest
that different semantic kinds are carried by different parts of
Action
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Language Decision
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Thought
Fig. 1 Cognitive systems and their brain areas. The top panel shows a
range of cognitive capacities; some cognitive theories see these capaci-
ties as each being based on one or more specific cognitive (sub) systems,
which work, to a degree, autonomously of the others. The bottom panel
shows a tentative mapping of cognitive systems onto areas of cortex as it
has been suggested in view of evidence from experimental neuroimag-
ing and neuropsychological research. Note that several of the displayed
mappings are under discussion (see also article text). The question of
why cognitive functions are localized in one specific area (e.g. object
memory in temporal cortex)—and not in a different one (e.g. occipital
cortex)—is rarely being addressed
the brain, or both (Patterson et al. 2007; Pulvermüller 2013).
Functional specialization of brain areas and nuclei for dif-
ferent cognitive systems is evident from neuropsychological
studies looking at specific cognitive impairments in patients
with focal brain lesions and from neuroimaging experiments,
where specific combinations of areas are found active during
different cognitive tasks. The bottom panel of Fig. 1 presents
some frequently discussed brain localizations of cognitive
functions.
2 The need for explanation
Despite all the important progress achieved in understanding
aspects of cognition and in relating these aspects to specific
parts of the brain, there is one important caveat immanent
to most cognitive neuroscience research: The relationships
between cognitive modules and brain areas are observational.
An explanation is missing why cognitive process C is located
at brain locus L. In Keplerian astronomy, the trajectory of
Mars had been described precisely, but an explanation in
terms of gravitation, mass and distance was still missing. In
the same way, we can say that lesions to superior-temporal
cortex lead to deficits in using language (Geschwind 1970)
and that activity in dorsolateral prefrontal cortex reflects the
ability to make decisions (Heekeren et al. 2008). But we do
not yet understand why specific higher cognitive functions
are “bound” to their specific brain loci.1
A meritful neurocomputational strategy filled the boxes
of cognitive theory with artificial neuron-like elements in an
attempt to illuminate the mechanisms underlying cognitive
subprocesses carried by modules (McClelland et al. 1986;
Elman et al. 1996). This important research initiative suc-
ceeded in modeling perception and aspects of language and
concepts. However, it did not, in most cases, provide expla-
nations of why particular higher cognitive functions of the
human brain emerge in specific cortical fields. For example, a
recent simulation study of language and conceptual process-
ing built in a specific layer for semantic integration, which
was put forward as a network correlate of ventral anterior
temporal lobe, vATL;2 subsequently, the model simulations
showed that damage to this very site leads to impairments
in semantic computations performed by the model (Ueno et
al. 2011). This to a degree circular strategy cannot be said
1 It is evident that the localization of cortical motor and sensory sys-
tems is driven by efferent and afferent neuroanatomical connectivity
with effector and receptor organs. For the higher cognitive functions
including working memory, decision, attention, language and concep-
tual thought, corresponding explanations are missing.
2 The authors indeed write: “ …in order to keep an already com-
plex computational framework manageable, we implemented the vATL
semantic system alone. Specifically, it was set to generate semantic
outputs for comprehension and provided the semantic input for speak-
ing/naming” (p. 393, italics added by FP, MG & TW).
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to explain why temporal areas are so important for concep-
tual processing, because this knowledge is a priori implanted
into the model. Rather than implanting preexisting knowl-
edge about structure–function relationships into models, an
explanatory strategy may fruitfully use information from
neuroscience for deducing cortical area functions immanent
to mental activity. For example, using a network implement-
ing the general pattern of corticocortical connectivity known
from neuroanatomical investigations, predictions are possi-
ble on the brain areas showing spontaneous fluctuations of
activity that emerge when subjects rest and no cognitive activ-
ity is required (so-called resting states, see Deco et al. 2011).
In a similar way, systematic use of known facts and principles
established in cortical anatomy and physiology may guide
cognitive theorizing about the specialization of local cortical
functions. However, a full understanding why different brain
parts are active when subjects engage in different specific
cognitive tasks (see Fig. 1), why the same areas are specifi-
cally necessary for performing well on these tasks, and, more
generally, why the contributions of cortical areas are so spe-
cific, has so far not been reached. To go back to the analogy:
we know the Keplerian trajectories of the planets very well,
but we lack the Newtonian principles for understanding the
forces that keep them there.3
Our present approach will start from established neu-
roscience principles and proceed to making “predictions”
about the mechanisms of cognition.4 Knowledge and prin-
ciples revealed by neuroscience research will thus lead us
to a specification of neurobiological mechanisms of cogni-
tion in terms of neuron circuits. Immanent to this strategy
is our conviction that it is not sufficient for a biological the-
ory of cognition to address the functional levels of neurons,
brain areas and whole brains, but that an intermediate func-
tional level of neuronal assemblies is necessary—similar to
the level of words and sentences in between the levels of
sounds and whole speeches, texts or books.5 This conviction
is motivated by brain theory (Braitenberg 1978) and receives
3 McClelland et al. (1986) proposed an analogy between cognitive the-
ories and Newtonian vs. quantum field theory, making the point that
the latter may lead to more precise explanations. We believe that their
point does not apply to large parts of cognitive neuroscience, which, in
our view, are still at a preexplanatory, descriptive stage when it comes
to relating cognitive processes to brain function and structure. How-
ever, we acknowledge that neural network models have helped to better
understand the relationship between correlational information and cog-
nitive processing, which indeed implies a level of explanation.
4 Some of the “predictions” are already known to be true or false. Please
note that the aim of the neurocomputational investigations summarized
is not to recapitulate any active areas or ignition times, but rather to pro-
vide an explanatory pathway from established neuroscience knowledge
and principles to the known facts—along with those to be revealed by
future experiments.
5 This is reminiscent of Marr’s triune level theory, with
representational-and-algorithmic between functional and microstruc-
tural levels (Marr 1982). However, the cell assembly approach goes
support from neurocomputational models implementing neu-
robiologically realistic auto-associative networks that mimic
cortical structure. These networks tend to build cell assem-
blies, thus providing a brain-theoretical foundation for the
formation and existence of “micro-networks” within realistic
larger (brain, area) networks (Braitenberg and Schüz 1998;
Braitenberg 1978; Palm 1982; Heerden et al. 1970; Wennek-
ers et al. 2006; Garagnani et al. 2009b; Plenz and Thiagarajan
2007; Diesmann et al. 1999). The activation dynamics within
the micro-networks or circuits emerging in neurocomputa-
tional network simulations provide predictions on activation
dynamics in the real brain, which can either be compared
with available data or be tested in future experiments. As we
will explain, this approach leads to neuromechanistic expla-
nations of a range of cognitive functions.
3 Distributed neuronal assemblies: circuits for thought
We adopt the postulate that, in between the functional level
of the single neuron and that of whole areas, brain systems
and ultimately the whole brain, there exists a functional level
of neuronal assemblies. These assemblies are strongly con-
nected sets of neurons, which therefore each behave in a
functionally coherent manner, as a functional unit. These cell
assemblies are assumed to form the building blocks of cog-
nition. This idea has a long tradition in brain theory (Hebb
1949; Braitenberg 1978; Milner 1957; Fuster 2003, 2009;
Palm 1982; Abeles 1991; Plenz and Thiagarajan 2007; Singer
et al. 1997; Engel and Singer 2001; Harris 2005; Ponzi and
Wickens 2010; Gerstein et al. 1989). As cell assemblies may
be the neurobiological vehicles of perception, action, atten-
tion, memory, decision, concepts, language and thought, they
offer a perspective on cognitive theorizing that unites Marr’s
(computational, symbolic-algorithmic and neuronal) levels
of neurocognitive models (Marr 1982).
The cell assembly concept has been framed in different
ways. Assemblies have been proposed to be situated in a
small piece of brain or widely dispersed over distant areas of
cortex and subcortical structures. They have been framed as
functionally uniform cell conglomerates or complex circuits
producing finely tuned spatio-temporal patterns when active.
Their formation is commonly attributed to a form of Hebb-
type learning, although, in addition to truly Hebbian synaptic
strengthening by co-activation, synaptic weakening conse-
Footnote 5 continued
further than that because it unites the three levels with each other (in
the sense of Bechtel 1994; Darden and Maull 1977): a cell assembly
may be seen as a correlate of a word or syntactic rule (functional
level); it consists of neurons (micro-structure) and can be described
mathematically (algorithmically) in terms of connection probability
and structure, learning principles, functional dynamics and so on
(Wennekers et al. 2006; Gerstein et al. 1989; Harris 2005).
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quent to uncorrelated activation and mapping of temporal
patterns by spike-time-dependent plasticity are also incorpo-
rated in recent proposals. Typically, cell assemblies are con-
sidered to be the result of learning in a structured network,
whereby the structural-neuroanatomical information mani-
fest in network structure is in part genetic or epigenetic in
nature. Sensory and motor mechanisms, along with genera-
tors of internal rhythms and resultant spontaneous behaviors,
are further important factors in building cell assemblies.
What makes cell assemblies especially attractive to cog-
nitive science is the fact that they help solving a range of
problems that seem to persist for other neurocomputational
approaches. For example, concepts or percepts are some-
times represented as activation vectors over neuron popula-
tions (see, for example, Rogers and McClelland 2004), but
it is well known that this approach runs into the problem
of catastrophic overlay, making it inadequate for addressing
some relevant cognitive problems (Sougné 2001; Jackendoff
2002). For example, two or more conceptual (or perceptual)
activations would not result in both being active at the same
time, but rather in a compromise (average or sum) vector
which may be dissimilar to any of the intended represen-
tations. Sparsely coded cell assemblies with small overlap,
whose activation can co-exist within the same network, offer
a solution to this problem by allowing two or more repre-
sentations to be active at a time. Even harder to solve is the
problem of multiple instantiations, sometimes also called to
“problem of two” (Sougné 2001; Jackendoff 2002): An acti-
vation vector approach can provide a putative neural corre-
late of a concept, but, if the network were to represent two
instantiations of that concept, for example two rabbits instead
of one, the vector approach fails. In contrast, a cell assem-
bly allows for reverberatory activity to be maintained within
the circuit, but, as Abeles and colleagues showed using neu-
rocomputational simulations, such networks are not limited
to storing one instantiation. If well-timed activation waves
reverberate in the circuit and these waves progress with con-
stant speed, it is possible to store information about two or
more instantiations of a given engram (Hayon et al. 2005).
A further exciting aspect are the perspectives this approach
offers on the so-called binding problem: To store the know-
ledge that a green banana has been perceived, the cell assem-
blies for BANANA and GREEN can be coupled temporarily,
for example by synchronous oscillation of the respective neu-
ronal ensembles (Engel et al. 1992; von der Malsburg 1995;
Shastri and Ajjanagadde 1993). Furthermore, cell assembly
architectures have been argued to offer new perspectives for
brain theory, especially in the domain of modeling language
and grammar (Pulvermüller 2002; Buzsáki 2010).
As the term “cell assembly” is used in different ways by
different researchers, reflecting a degree of variability of the
CELL ASSEMBLY concept, it seems appropriate to spell
out how we use the term in the present context (see also
Braitenberg 1978; Palm 1982; Braitenberg and Schüz 1998;
Pulvermüller 2002). Cell assemblies are sets of nerve cells
that are “. . . more strongly connected to each other than to
other neurons” (Braitenberg 1978).6 The neuron members
of a cell assembly do not need to be located in a small part
of the brain, for example a hypercolumn, but can be spread
out over different cortical areas, and even involve subcor-
tical structures such as thalamus and striatum. Connections
between different parts of the cell assembly are reciprocal
in the sense that if the assembly is sliced in two parts, these
parts will be connected in both directions, from part A to
B and back (Braitenberg 1978). The strong linkage within
the cell assembly is, in part, due to preexisting connections
and, importantly, due to the correlation of activation (fir-
ing) in the past. So in this sense, the cell assembly requires
preexisting neuronanatomical connectivity and is driven by
specific correlated neuronal activity. We speak of “correla-
tion” in a lose sense, with the implication that neurons that
fire together strengthen their connections among each other
(Hebbian “fire together—wire together” rule) and that nerve
cells that fire independently of each other or even in an anti-
correlated manner reduce the strength of any links they may
have (‘Anti-Hebb’ “out of sync—delink” rule).7
These mechanisms imply that the structural properties of
cell assemblies are, in part, due to functional features of
their member neurons. In turn, the structural feature that
cell assembly neurons are relatively strongly connected with
each other has important functional implications. First, this
strong internal linkage implies that the activation dynamic of
a cell assembly is nonlinear; activation of a critical number of
assembly neurons, the activation threshold, leads to the full
activation, or ignition, of the whole circuit, including (not
necessarily all but) most of its members. Second, after an
ignition, and even if only subliminal (below threshold) acti-
vation is present in the circuit, such activity will be retained or
“held” for some time, due to reverberation of activity, leading
to hysteresis-like dynamics. Third, ignition-related explosive
activation in networks requires mechanisms for activity regu-
lation to prevent full activation of the entire network—which
is reminiscent of epileptic seizures in real brains. Regula-
tion processes are available in cortex, in the local interac-
tion between excitatory neurons and their inhibitory local
neighbors and in the area-specific interplay between cortex
and subcortical structures. Such feedback regulation can be
implemented as control mechanism with specific gain, which
controls the “activation threshold” of excitatory neurons (and
cell assemblies) in specific cortical areas (Braitenberg 1978;
6 In neurocomputational and experimental work, it may be useful to use
a more precise mathematical definition (see, for example, Garagnani et
al. 2009b).
7 For a discussion of mathematically precise formulations of relevant
learning rules, see Garagnani et al. 2009b.
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Elbert and Rockstroh 1987; Knoblauch and Palm 2002; Wen-
nekers et al. 2006). Whereas reverberation may be possible
in several cell assemblies at a time (with even more than one
reverberation waves being present in a given assembly), the
massive activation process of ignition implies that a substan-
tial amount of inhibition is created, so that two cell assemblies
that contain neurons located in the same cortical area would
interfere with each other functionally, leading to mutual com-
petition between ignition processes. The degree of competi-
tion is determined by the gain of the regulation mechanisms.
Cell assemblies in this sense imply sparse coding, that is,
that, within the greater network of the cortex of the entire
brain, the nerve cells that are part of, and thus significantly
contribute to, one specific cell assembly represent a small
minority. Estimates of cell assembly size range between hun-
dreds and ca. 100.000 neurons, whereas the cortex contains
more than 1010 (for discussion, see Palm 1993, 1990). A fur-
ther feature that makes cell assemblies attractive to cognitive
theory is the fact that they can overlap and be structured hier-
archically. This means that two cell assemblies can be neuron
sets that intersect and that one cell assembly can contain the
other, thereby providing putative mechanisms for relation-
ships between concepts and meanings (Pulvermüller 2002;
Wennekers 2009).
We will also use the words “distributed neuronal assem-
bly (DNA)” or “thought circuit (TC)” when speaking about
cell assemblies in the sense explained in this section. In the
next paragraphs, we will now outline a model of DNA/TCs,
highlighting both cell assembly mechanisms and their role
as carriers of cognition.
4 Action and perception
Sensory stimulation causes activity in primary sensory fields
from where activity propagates to secondary modality-
preferential and higher multimodal areas. Given a reasonably
high signal-to-noise ratio, a repeated sensory event there-
fore activates similar populations of sensory cortical neu-
rons repeatedly and the frequently co-activated neurons may
therefore strengthen their mutual connections and merge into
a circuit. The perception and recognition of objects known
from sensory experience may be based on the ignition of such
sensory cell assemblies. Neurocomputational work imple-
menting established neuroscience principles has shown that
repeated local firing gives rise to local cortical circuits includ-
ing many neurons (Doursat and Bienenstock 2006).
In contrast to local and purely uni-modal sensory acti-
vation, motor movements and actions are always charac-
terized by both sensory and motor information. As actions
are brought about by neuronal activity in the motor cortex
and adjacent premotor and prefrontal areas, repeating simi-
lar movements will therefore lead to the formation of motor
circuits. However, as self-produced movements imply per-
ception of aspects of these actions, motor circuits normally
do not stand alone. Given there is concordant auditory, visual
and somatosensory input—for example when hearing and
feeling oneself articulate the syllable “ba”, or when feeling,
seeing and hearing the hammer in one’s hand strike—there
is correlated activity in different motor, sensory and multi-
modal brain areas (Braitenberg and Pulvermüller 1992; Pul-
vermüller 1999). Given there are sufficiently rich long-range
cortico-cortical connections between these areas, the corre-
lated multisite activation pattern leads to the formation of
widely distributed neuronal assemblies that bind motor and
sensory aspects of a specific action. These action percep-
tion circuits (Pulvermüller and Fadiga 2010) are a special
type of cell assembly in that they include neurons in differ-
ent areas distant from each other (e.g., auditory and motor
cortex) and exhibit a specific distribution over the cortex that
reflects, to a degree, the sensory and motor type of informa-
tion stored (e.g., articulatory and auditory, but not hand motor
and visual,8 in the case of articulations, vice versa in the case
of hand waving). As motor neurons are included in these
action perception circuits, performance of specific motor
commands and muscle contractions can be brought about by
their ignition, and, as specific sensory cells are also included,
the perception of sensory aspects leading to the recognition
of the same type of action performed by others is equally
based on the ignition of the same action perception circuits.
Action perception circuits conceived as distributed neu-
ronal assemblies establish a functional link between specific
sets of sensory and motor information. As such, they provide
a mechanism for what Braitenberg and Schüz consider the
primary function of the neocortex, namely information mix-
ing, that is, the joining together of information across modal-
ities (Braitenberg and Schüz 1998), which may be especially
important for language processing (Braitenberg and Pulver-
müller 1992; Braitenberg and Schüz 1992). As information
about an action and its corresponding perceptions are joined
together in an action-specific manner, action perception cir-
cuits also provide a mechanism and explanation for mirror
neurons. Mirror neurons are cells in the premotor and infe-
rior parietal cortex that respond both during performance and
during perception of one type of action (for example grasp-
ing, Kohler et al. 2002; Rizzolatti and Craighero 2004). In
the articulatory motor system, mirror activity has also been
reported for specific speech sound types (Fadiga et al. 2002;
Watkins et al. 2003; Pulvermüller et al. 2006). The corre-
lation learning principle together with the known cortico-
cortical connectivity between relevant sensorimotor areas of
cortex provides an explanation why action perception cir-
8 Please note that, although syllable articulation misses any visual
aspects, correlations between speech and visual information about
mouth movements can be mapped when observing others.
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cuits emerge and, thus, why mirror neurons exist. In neuro-
computational studies, mirror neuron activity could indeed
be shown as a consequence of Hebbian-associative learning
between actions and corresponding perceptions (Garagnani
et al. 2007; Hanuschkin et al. 2013). Furthermore, recent
experiments in humans showed that mirror activity is indeed
tied to aspects of action perception learning and therefore
substantially strengthens this position (Pulvermüller et al.
2012; Giudice et al. 2009; Engel et al. 2012). It might there-
fore seem appropriate to consider mirror mechanisms not as
fundamental, but, instead, as a consequence of the more basic
neuroscience principle of correlation learning and of corti-
cal connectivity. We note, however, that for mirror activity
already observable very early in life (Lepage and Theoret
2007; Yeung and Werker 2013), further research is neces-
sary to address the question whether correlation learning
might have contributed also in these cases and to what degree
genetic or epigenetic mechanisms are necessary to bring
it about. Crucially, information mixing and mirror neuron
activity cannot be explained by associative learning alone (cf.
Heyes 2010), but requires preset specific cortico-cortical con-
nectivity between relevant sensory and motor areas, which
provide the substrate for such mirror learning. This point
will be of special relevance in the language section below
where a connectivity difference between macaca and human
is related to vocabulary learning ability.
For determining the cortical distribution of DNAs, both
functional neuroscience principles (correlation learning) and
structural knowledge about specific neuroanatomical con-
nectivity are equally relevant. The neuroanatomical connec-
tions between primary sensory and motor cortices are not
direct in most cases. With the exception of the link between
primary motor and somatosensory cortex, which lie side by
side and are directly linked, connections between primary
areas are indirect, traveling through adjacent “secondary”
modality-preferential cortices and further multimodal sites
adjacent to these (Fig. 2, middle panel). This connection
structure implies that action perception circuits incorporate
neurons in all of these “switch over” regions through which
sensorimotor activation waves must travel to make contact
with each other. In a model of action perception learning
that incorporates correlation learning mechanisms and infor-
mation about neuroanatomical connectivity, cell assembly
formation was found as a result of co-activation of neural
elements in primary motor and sensory “areas” of the net-
work (Fig. 2, bottom panel, Garagnani et al. 2007, 2008,
2009b). The learning of correlations between articulatory
movements and auditory input patterns—as it is present when
infants “babble” and use their first words (Locke 1993)—led
to cell assemblies distributed over the model correlates of
inferior prefrontal, premotor and primary motor cortex in
inferior frontal cortex as well as primary auditory, auditory
belt and parabelt areas in superior temporal cortex. Likewise,
learning the co-occurrence of hand movements and specific
object shapes and colors was manifest in cell assembly for-
mation across primary and inferior temporal visual process-
ing areas along with dorsolateral prefrontal, premotor and
motor cortex (Garagnani et al. 2007, 2009b; Garagnani and
Pulvermüller 2013). Contrary to the intuition that it might be
difficult to separate and specifically activate cell assemblies
(Milner 1996), correlated sensorimotor patterns repeatedly
presented to networks with neuroanatomically inspired area
structure and sparse random connectivity led to cell assem-
blies with small overlap that could be defined using robust cri-
teria related to activation dynamics (Garagnani et al. 2009b).9
At the cognitive psychological level, the ignition of a cell
assembly provides a mechanism for the recognition of a
familiar stimulus that matches a cortical representation. It
also provides a mechanism for the recognition of familiar
stimuli based on insufficient information—for example an
object partly hidden behind a different one or an incomplete
spoken word. Note that spoken words are normally being
recognized before they end; even if alternative word candi-
dates match a given input fragment, the more frequent item
may indeed be preferred in the absence of unambiguous evi-
dence (Marslen-Wilson 1990). The role of frequency as a
facilitatory factor in the recognition process is explained by
the Hebbian learning mechanisms and the resultant stronger
links and more robust activation dynamics of the more fre-
quently activated DNA/TCs.
5 Memory
Cell assemblies are structured internally. Contrary to the sug-
gestion that such circuits are just an amorphous agglutination
of neural elements, it has been argued that they can be sep-
arated into a most strongly connected core or kernel part
and a periphery or halo (Braitenberg 1978). In the ignition
process, the entire cell assembly becomes active, including
core and halo parts, whereas the most strongly connected
core will naturally form the basis for reverberant activity.
Whereas ignition processes provide the mechanism for the
recognition of a familiar stimulus, the sustained reverberation
of activity represents a mechanism for maintaining informa-
tion active in memory, so-called active or working memory
(Fuster 1995; Zipser et al. 1993).
Crucially, there are riddles surrounding the brain organi-
zation of perception, motor and memory processes that have
not been solved in spite of efforts in current neuroscience
and cognitive research. Perception, action and memory tend
to dissociate. It has been suggested that “object knowledge
9 For an overview of related neurocomputational work on cell assem-
blies, see, for example, (Huyck and Passmore 2013; Wennekers et al.
2006; Palm 1982).
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Fig. 2 Mechanisms of the formation of action perception circuits, that
is, distributed cell assemblies (DNAs) interlinking information about
actions and concordant perceptions. The top panel on the left shows
areas involved when mapping the articulatory motor schema of a spo-
ken word and the sounds brought about by such an articulation: pri-
mary motor (M1), premotor (PM), prefrontal (PF), auditory parabelt
(PB), auditory belt (AB) and primary auditory (A1) cortex. The top
right panel shows areas relevant for mapping finger movements to
visual stimuli: apart from more dorsal frontal areas, anterior tempo-
ral (AT), temporooccipital (TO) and primary visual cortex (V1). The
middle panel shows the connection structure of these areas, which is
similar for the auditory-articulatory and visuomotor domains. Middle
panel: Functionally, correlated activity in primary areas drives forma-
tion of action perception circuits but core parts of these cell assemblies
develop in higher (PF, PB, AT) areas because of corticocortical connec-
tion structure. Core parts are most important for memory and decisions.
The bottom panel illustrates the distributed character of the cell assem-
blies, which interlink neurons in all relevant areas but still function as
one closed information processing device and representational unit
is stored as a distributed network of cortical regions and
that the organization of these regions may closely parallel
the organization of sensory, and perhaps also motor, sys-
tems in the human brain” (Martin et al. 1995). In contrast to
such an “embodied” sensorimotor view on knowledge and
memory, it is well known that memory storage of specific
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sensorimotor knowledge most typically and most strongly
engages the dorsolateral prefrontal, anterior temporal and
other higher multimodal cortices. These areas are not part
of dedicated sensory or motor systems, but rather repre-
sent multimodal cortices. The suggestions that “embodied”
action- and perception-related information in sensorimotor
cortices drives the formation of cortical cell assemblies there-
fore seem in contrast to the observations from neurophysio-
logical research on working memory: The most substantial
and sustained reverberating memory activity is known to be
present in multimodal areas such as dorsolateral prefrontal
cortex and anterior temporal lobe, where cortical cooling
also impairs memory specifically (Fuster 1995). Therefore,
motor and sensory processes and memory dissociate from
each other at the neurofunctional level and a neurocognitive
theory need to explain why this is so.
Such an explanation is possible based on the distinction
between kernel and halo of cell assemblies, along with infor-
mation about corticocortical connectivity (Pulvermüller and
Garagnani 2014). Most neurons included in the core part of
the cell assembly that is most relevant for maintaining rever-
beration, and therefore for working memory, are located in
those brain areas between which the most elaborate con-
nectivity is present. Comparing the connectivity structures
interlinking the modality-preferential primary and secondary
areas and the multimodal convergence areas, it appears that
the latter show the largest number of cross-area links (for
discussion of neuroanatomical evidence, see Garagnani and
Pulvermüller 2013). For this reason, they provide the sub-
strate for (most of) the most strongly interlinked assembly
cells and hence for building cell assembly cores.10 Therefore,
the core part carrying reverberant active memory processes
is in association with cortices and thus outside both sensory
and motor regions. Due to specific auditory-motor and visual-
motor connectivity pathways, verbal memory processes pri-
marily draw on superior temporal/temporoparietal auditory
and inferior dorsolateral prefrontal cortex. Contrasting with
the relevance of multimodal areas for working memory,
motor regions are most crucial for acting—as their damage
not only partly lesions the cell assembly but, in addition, dis-
connects it from its motor output—and sensory regions are
most crucial for perception—as their damage disconnects it
from sensory information input. Model simulations confirm
that prefrontal and anterior temporal cortex are among the
prime sites for working memory (Pulvermüller and Garag-
nani 2014; Garagnani and Pulvermüller 2013). The middle
part of Fig. 2 illustrates the relationship between cortical
areas, connection structure, learning driven by sensorimotor
10 Neurons strongly linked into the assembly can also form outside
areas strongly connected with each other, but this is less likely. So
the lion’s share of the core part of cell assemblies emerges within the
strongly interlinked multimodal areas.
correlation and resultant memory mechanisms, using spo-
ken words as an example.11 Crucially, the inner structure of
DNAs can offer an explanation why the “higher” multimodal
areas are so important for memory, whereas the formation of
memory circuits is driven by information in the senses and
the motor system.
6 Decisions
From a cell assembly perspective, decisions and memory
appear to be based on similar mechanisms. Reverberant
memory activity lasts longest in the core part of the circuit,
which exhibits the strongest average connection strength.
Such high connection strength may also provide a mecha-
nism for new activity spontaneously emerging in a circuit.
Such spontaneous activation should therefore start in the cir-
cuit’s core. One reason for this local specificity lies in the
fact that uncorrelated background noise activity is always
present in real networks of neurons and such activity will
accumulate and reverberate more efficiently in cells with
multiple inputs from other noise-emitting neurons compared
with less strongly interlinked ones. When first implementing
networks fashioned according to cortical anatomy that gave
rise to action perception circuits, we immediately observed
that networks with low levels of random activity (white noise)
present in all of their parts rarely stayed inactive, but that,
instead, spontaneous ignitions emerged within them, without
any sensory stimulation being present (see also, for example,
Willwacher 1976). Such spontaneous emergence of activity
in specific DNA/TCs can be seen as a putative brain mecha-
nism of an emerging thought or intention to act—when activ-
ity in the cell assembly first appears, followed by a decision
to prefer a specific action over alternatives—when the cell
assembly’s activity level is substantially higher than that of its
competitors, finally culminating in performance of the action
itself—when the cell assembly fully ignites and activates its
motor output. The level of activity in the cell assembly would
thus represent the “stage” of an intention/decision, and the
specific action perception circuit activated and its cortical dis-
tribution contain the information about the “content” of the
action or perceptual decision. A range of previous research
addressed the neurocomputational basis of decisions (Deco
et al. 2013).
One crucial question in the emergence of decisions to act
is about where such decisions come from. Why would the
neuronal correlates of intentions and decisions to act be first
manifest in specific cortical areas? In networks containing
11 A recent network model simulated a range of temporal features of
activation dynamics in an associative circuit model of different cortical
areas (Verduzco-Flores et al. 2009). However, this work did not aim
at explaining why specific parts of the architecture showed memory
activity in the first place.
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action perception circuits of the structure outlined in Fig. 2,
spontaneous ignitions start in multimodal prefrontal and tem-
poral areas, where activation slopes also rise most sharply
toward full ignition (Garagnani and Pulvermüller 2013). The
explanation of this local specificity of decision emergence
can be based on background activity in the network—due to
noise and previous specific activations—which accumulates
most efficiently in DNA cores. Core neurons receive multi-
ple inputs from other cell assembly neurons, more than nerve
cells in the halo, which are more weakly interlinked. These
multiple inputs make them most likely candidates for accu-
mulating substantial activation if all neurons are equally sub-
ject to noncorrelated spontaneous activity (“noise”, Garag-
nani and Pulvermüller 2013). Activity accumulation in most
strongly connected circuit parts also applies if specific infor-
mative input reaches a given circuit by way of corticocortical
input, for example via connections from specific other DNAs.
Therefore, activity accumulation in cores explains why and
how spontaneous ignition of DNAs comes about and thus
provides a candidate mechanism for the emergence of inten-
tions and decisions to act. In this model, the factors influenc-
ing the model’s “free” decisions (the choice of one circuit
over others in the spontaneous ignition process) include the
accumulation of “noise” in circuits, runaway activation from
previous circuit activations, specific between circuit connec-
tions and the inner connection strength and coherence of the
igniting circuit itself.
Looking back at previous paragraphs, it appears that the
cell assembly model implies that the neurons in the core part
of DNAs, most of which are localized in higher multimodal
cortices, are the primary substrate of a range of higher sophis-
ticated cognitive mechanisms. The present section made this
point for intentions and decisions and the previous one for
working memory. The same cortical substrate forms the basis
of working memory and for intentions/decisions, although
the cortical distribution of the circuit over specific areas may
differ between stimulus types, for example between words
and objects. The observation that similar parts of prefrontal
cortex are active in standard working memory and percep-
tual decision tasks sits well with these postulates (Duncan
and Owen 2000; Fuster 2008, 2009; Heekeren et al. 2008).
It thus appears that the question why a wide range of higher
cognitive processes are carried by the same “multi demand
system,” and why this network draws, especially upon pre-
frontal cortex (Duncan 2010), can, in part, be answered and
explained by cell assembly theory.
7 Attention
As brain-like architectures are in danger of catastrophic over-
activation, activation regulation processes are required (see
section on DNAs above, Braitenberg 1978; Milner 1996;
Braitenberg and Schüz 1998). In a similar fashion, lack of
regulation and control processes makes it possible that activ-
ity extinguishes within a network. Braitenberg’s proposal of
regulating the firing threshold of neurons effective in cor-
tex generally or in an area-specific manner (see Fig. 3, top
panel, Braitenberg 1978) addresses both the over- and under-
activation problems and was successfully applied to neuro-
computation models, where it contributes to the functional-
ity of networks including cell assemblies (see, for example,
Elbert and Rockstroh 1987; Knoblauch and Palm 2002; Wen-
nekers et al. 2006; Bienenstock 1994). Threshold regulation
can be implemented as a mechanism that provides a degree
of background activity to excitatory neurons in a given area;
the regulatory input is calculated as a function of previous
activity of the same network part. The neuronal substrate for
this feedback regulation mechanism may be provided by one
of the big loops of neuroanatomical structures in which the
neocortex is embedded, for example the striato-thalamic or
the hippocampal loop (Braitenberg 1984; Fuster 1995; Miller
1991; Miller and Wickens 1991). A regulatory loop allows for
modifying the gain or amplification factor of the regulation
function, which influences the speed and power of regulation.
A range of recent neurocomputational simulations success-
fully used background activity (noise) to prevent extinguish-
ing of network activity together with area-specific inhibitory
feedback regulation to prevent several ignitions at a time and
to control the degree of competition between partly active
reverberating cell assemblies (Bibbig et al. 1995; Palm and
Sommer 1995; Knoblauch and Palm 2001; Wennekers et al.
2006; Garagnani et al. 2008).
At the cognitive level, the degree of inhibition in a neural
and cognitive system has been related to attention. According
to the well-established biased competition model (Duncan
2006), attention to objects or loci in space is controlled by
two main factors, the degree to which there is a bias toward
them and the degree to which different putative targets of
cognitive processing compete with each other. In cell assem-
bly networks, the degree of preactivation or priming of a
circuit (that is, its level of preexisting activity) provides the
neuromechanistic correlate for the bias and the degree of reg-
ulatory inhibition (or threshold regulation) underpins com-
petition (for discussion, see Garagnani et al. 2008).
Adopting these neurocognitive mechanisms for attention,
different levels of attention can be simulated in brain-like
neurocomputational networks by choosing different levels of
regulatory inhibition. These different regulation levels pro-
vide different levels of inhibition between DNAs; in addi-
tion, threshold regulation can be chosen so that it guaran-
tees that, within given areas, only one circuit ignites at a
time and that each ignition is followed by strong global inhi-
bition (see Section on DNAs). Now, the level of attention
can be adjusted by altering regulation gains. High atten-
tion and availability of ample attentional resources can be
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implemented by low degrees of regulation and inhibition.
With low inhibition/high attention, several cell assemblies
can simultaneously become partly active. (Note that, for guar-
anteeing functionality of the cell assembly network, it may
still be advantageous to keep inhibition constants within a
range preventing more than one ignition at a time within a
given area.) This corresponds to the situation when an incom-
plete word (such as “wai…”) is perceived and several lexical
alternatives from its “cohort” are partly activated (“wait”,
“wail”, “waif” etc., see Marslen-Wilson 1987). Therefore,
with high attention, ample availability of “cognitive process-
ing resources” and thus weak inhibition in the network, the
alternative lexical circuits can co-activate and each create
some substantial activity. In contrast, under low-attention
conditions, when cognitive processing resources are very
limited, and therefore, strong inhibition is present in the net-
work, the competing cell assemblies would only be allowed
a much reduced activation level (i.e., the input “wai” may
only minimally activate some members of its cohort). In
contrast to these strongly attention-dependent processes for
meaningless unfamiliar stimuli (pseudowords) or ambigu-
ous word fragments, the presentation of a meaningful word
leads to the ignition of its corresponding stored cell assembly
which, regardless of attention level, leads to the suppression
of competitor circuits. In this case, a modulation of the gain
of feedback regulation would have a minor effect on cortical
activation dynamics because it is dominated by the ignition
process, which takes place in spite of threshold regulation.
These predictions were supported by neurocomputational
simulations using a model of the language cortex with noise
background activity and attention modulation implemented
in the gain of area-specific inhibitory regulation processes.
Word patterns, which had previously been learned by the net-
work, resulting in word-specific action perception circuits,
indeed led to network activation, which was only modulated
to a small degree by the level of feedback inhibition and
attention. However, pseudoword stimuli, which had not been
learned previously thus lacking corresponding cell assem-
blies, led to simultaneous partial activation of word circuits,
which massively varied with the level of the gain and thus
attention (Garagnani et al. 2008). Critically, the same dif-
ferential pattern of attention effects on word and pseudo-
word processing was found in novel experiments performed
with human subjects and recordings of EEG and MEG
responses. These results provide strong support for the
model’s predictions (Fig. 3, middle panel, Shtyrov et al. 2010;
Garagnani et al. 2009a).
The attention model of cell assembly competition makes
one further critical prediction: attention should not have
one single general brain manifestation and locus but should
instead always occur within the range of cortical areas
where competing cell assemblies are located. In the case of
visuospatial decisions, this may be the dorsolateral prefrontal
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Fig. 3 Mechanisms of attention. Top panel: Illustration of Braiten-
berg’s proposal of a threshold regulation mechanism, which controls
activation levels in the brain or, as suggested here, in each cortical area
specifically, and provides a neuronal basis for attention and task adjust-
ment. A cybernetic feedback regulation loop controls activation in a
given brain area by comparing it with a target value and feeding back
a control value that depends on the discrepancy between target and
actual activity (Braitenberg 1978). Middle panel: Attention effects on
language processing as predicted by a model including threshold control
and as measured experimentally. Brain responses (recorded with MEG,
on the left) and brain model responses (insets on the right) to familiar
words (in red) and unfamiliar pseudowords (in blue) when attention is
directed toward these stimuli (solid lines/inset on the upper right) or
away from them (broken lines/inset on the lower right). Note the great
attention-related variability of responses to pseudowords and the much
reduced attention effect to words (adopted from Garagnani et al. 2008,
2009a). Bottom panels: The significant interaction of lexicality (words
vs. pseudowords) and attention is illustrated in the bar plot on the left
(Garagnani et al. 2009a). The strongest cortical sources underlying the
attention effects for both words and pseudowords are present in left
inferior frontal cortex (Shtyrov et al. 2010)
cortex along with lateral parietal areas. However, in the case
of spoken language, these are the multimodal areas in the
perisylvian cortices including inferior frontal, inferior pari-
etal and superior temporal subregions. Model simulations
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further indicate that in case of sensory simulation of cell
assemblies that link action and perception information, atten-
tion effects are most pronounced in their frontal, action-
related network parts. This explains why attention effects
in spoken language processing are most clearly manifest in
Broca’s region in left inferior frontal cortex and not in dor-
solateral prefrontal cortex (Fig. 3, Shtyrov et al. 2010), and
why lexical competition effects are manifest in this area as
well (Thompson-Schill et al. 2005).
8 Language
Language can be seen as a huge set of meaningful elements
(usually tens to hundreds of thousands) that can be com-
bined to yield even larger sets of constructions. Each con-
struction can be used to perform specific communicative
actions, which follow each other according to further com-
binatorial schemas. The purpose and intention related to a
communicative action is intrinsically related to the typical
sequence schemas it is part of. For example, a request is
characterized by the desire or intention to obtain something,
which is also manifest in the typical sequence that a request
is frequently followed—not always of course—by the action
of transferring the requested entity to the requesting party.
Therefore, combinatorial mechanisms for language need to
be implemented at different levels, at the level of sounds
following each other in words, at that of morphemes and
words connected in sentences and texts and at the level of
social-communicative actions interlinked with each other by
pragmatic rules and hierarchical action schemas.
In the cell assembly framework, the phonological sequen-
ces according to which speech sounds are lined up in words
can be implemented by synfire chains—parallel and pre-
cisely timed neuron chains contained in cell assemblies
(Abeles 1991; Braitenberg and Pulvermüller 1992). Note
that explicit modeling of such spatiotemporal patterns these
chains generate is challenging and explicit neurocompu-
tational work using realistic circuit architectures incorpo-
rating major aspects of the anatomy of the language cor-
tex are still missing; such models, which may build on
established computational work on synfire chains (Dies-
mann et al. 1999; Hayon et al. 2005; Verduzco-Flores et
al. 2012), represent an important target for future research.
Syntactic combination can be implemented neuromechanis-
tically by direct and indirect links between cell assemblies
along with activation dynamics present within memory-
active cell assemblies (Pulvermüller and Garagnani 2014;
Pulvermüller 2010; Buzsáki 2010). For example, indirect
between-assembly links by way of additional combinator-
ial neuronal assemblies may interconnect groups of lexical
circuits—corresponding, for example, to the combinatorial
relationship between syntactic–semantic categories of nouns
and verbs (Pulvermüller and Knoblauch 2009; Humble et al.
2012). Likewise, combinatorial relationships between com-
municative actions can be implemented by sequential and
hierarchical links between cell assemblies backing social-
communicative actions (Egorova et al. 2013; Pulvermüller
et al. 2014). Recursion, the repeated application of a com-
binatorial schema at the level of word or communicative
action sequences, may require multiple cell assembly acti-
vation along with storage of the temporal relationship of
their activation times, which, arguably, may draw upon the
effect that, after an ignition, activation levels fall off monoto-
nously for some time so that the sequence of activations
can be stored in activation hierarchies (Pulvermüller 1993;
Buzsáki 2010). Using the neurobiological mechanisms for
recursion and embedding summarized here, abstract linguis-
tic grammars can be rewritten in terms of algorithms denoting
cell assembly architectures and their dynamics (Pulvermüller
2002; Wennekers and Palm 2009).
Although in linguistics the combinatorial properties of
language are usually emphasized as the most important
aspect of human language, the sheer quantity of words
and stored meaningful forms immanent to human languages
already sets them apart from all known animal communi-
cation systems. A neurobiological correlate for such huge
vocabularies seems obvious (see also section on action and
perception): The left perisylvian cortex, where correlated
motor and sensory activity are present during articulation
of words, is more strongly connected by way of dorsal long-
distance connections through the arcuate fascicle in humans
compared with nonhuman monkeys, and it tends to be more
strongly developed in the left hemisphere than in the right
(Rilling et al. 2008; Catani et al. 2005; Dubois et al. 2009;
Buchel et al. 2004). Building a huge vocabulary may criti-
cally depend on the availability of rich frontotemporal con-
nectivity (although such connectivity is likely not sufficient,
see below). If so, the following critical experimental pre-
dictions result: Listening to unfamiliar novel words may
only activate auditory cortex, and perceptual learning of such
word forms may not change this. However, active repetition
of novel word forms by the learner leads to frontotemporal
correlation of neuronal activity, which is mapped most effi-
ciently in the left hemisphere of most individuals because
of the predominance of frontotemporal connections there.
Therefore, left lateralized perisylvian cell assemblies develop
as a consequence of articulatory learning of novel word learn-
ing by repetition. These cell assemblies should include left
inferior frontal neuron sets.
Experimental study of word learning indeed showed left
lateralized inferior frontal activation during passive listening
to novel word forms after articulatory but not after perceptual
learning. These results support a link between vocabulary
build-up and action perception circuit formation by way of
human-specific left lateralized frontotemporal connections.
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The cell assembly perspective suggests that establishing the
rich cortico-cortical connections in left perisylvian cortex
was humans’ key step to language. Although rich connections
in themselves cannot explain huge vocabularies, they may
still represent a necessary feature of such an explanation.
Direct connections between word-related circuits cannot
explain why combinatorial principles apply to large word
classes and sometimes lead to the production of construc-
tions the speaker has not encountered before. This phenom-
enon of generalization—together with that of recursion—led
linguists to argue that much grammatical knowledge must
be immanent to the genetic code. Further explanation would
therefore not be necessary. However, there is information
in the recombination structure of words in sentences. For
example, subject nouns tend to co-occur with predicate verbs,
determiners with nouns and adjectives with nouns. A word
group A may form, because its members a1, a2, . . . , am tend
to co-occur with members b1, b2, . . . , bm of word group B.
It would not be economic to assume that the species stores
information in the genetic code the individual can get for free
by mapping correlations in the input.
The nervous systems of various animals, from insect to
mammal, house vast numbers of neurons that are sensi-
tive to the direction of a visually perceived movement, and
the mechanism behind this direction sensitivity includes the
detection of the order of the activations of neurons, that is,
sequence detection (Hubel 1995; Reichardt and Varju 1959;
Barlow and Levick 1965). It does not appear as a particularly
strong assumption that the human brain can do with words
what a vast range of nervous systems can do with visual
stimuli: to detect in which order they appear. In this sense,
there may be neuronal elements that respond specifically to
sequences made up of two words. For the sequence of word-
ai-followed-by-word-bj, there would be a sequence detector
SDij responding specifically to this sequence of ignitions.
If sequence ai-followed-by-bj appears, there is strengthen-
ing of connections between the circuits for words ai and
bj by way of the SDij circuit.12 Suppose the words ai and
bj have each already appeared in several different contexts
12 There could be strong direct links between all word representations
but the anatomy of the cortex speaks against this possibility. Assum-
ing probabilistic connectivity, one word-related DNA of 1,000 neu-
rons (see, for example, Palm 1993), with 10,000 synapses per neu-
ron, could reach a maximum of 107 other neurons. The human cor-
tex includes about 1.5 ∗ 1010 neurons (Haug 1987), ca. 1/10 of which
are in the perisylvian language cortex (i.e., some 1.5 ∗ 109 neurons
overall). As a maximum of 107 neurons can be reached by way of
a monosynaptic link from one DNA, a second DNA of 1,000 neu-
rons in perisylvian cortex would only receive ca. 7 inputs (more likely
even less, as some of the projections reach extrasylvian neurons) in
the average, which is probably not enough to bring about a lasting
functional change or ignition in the second DNA. With two synap-
tic steps, most (or even all) of the neurons in perisylvian cortex can
be reached, and after strengthening of connections, these can become
effective. This argument provides a rational for the assumption that
before and therefore their cell assemblies acquired strong
connections to a range of other SDs; in this case, a new word
sequence will co-activate its specific SD together with the
other SDs strongly linked with the cell assemblies of ai and
bj. Thus, a number of SDs will be co-activated and, assuming
there is auto-associative connectivity within the SD network,
bound together by way of neuronal learning mechanisms. We
have previously shown that such interlinking of co-activated
SD circuits provides a mechanism for combinatorial general-
ization (Pulvermüller and Knoblauch 2009; Knoblauch and
Pulvermüller 2005). The combinatorial neuronal assemblies,
which function as discrete elements that ignite and rever-
berate, link together word groups that need to be defined at
both the lexical and semantic levels, such as animal nouns
and action-related verbs. Crucially, the discrete combinator-
ial neuronal assemblies provide a mechanistic explanation for
combinatorial generalization (as illustrated in Fig. 4). Such
generalized combinatorial learning can be effective at the
level of individual word forms, and at that of larger construc-
tions and social-communicative action schemas (speech acts)
as well.
We submit that cell assemblies may help explain why
and how combinatorial learning comes about. Links within
and between cell assemblies may be essential for combina-
torial mechanisms at the linguistic levels of speech sound
sequences, word combinations and hierarchies in construc-
tions, and social-communicative action schemas.
9 Concepts and meaning
Where does the brain store and process meaning? Figure 1
(bottom panel) graphically summarizes one popular answer
to this question that concepts are placed in the “semantic
hub” in ventral anterior temporal lobe (Patterson et al. 2007).
However, this and similar statements actually obscure the
fact that there is, in fact, a wide variety of opinions. Different
researchers postulate semantic-conceptual centers, seman-
tic binding sites or “hubs” in inferior prefrontal (anterior
area of Broca and next to it) (Bookheimer 2002), inferior
parietal (angular gyrus) (Binder and Desai 2011), superior
temporal (Hillis et al. 2001), temporopolar (Patterson et al.
2007) and/or inferior to middle posterior-temporal (Hickok
and Poeppel 2007) cortex (see Fig. 5, left panel, and, for
review, Pulvermüller 2013). The wide distribution of these
areas is consistent with the idea that, in order to represent con-
cepts, information from many senses must be made available
and be integrated with each other (Lichtheim 1885; Wernicke
1874).
Footnote 12 continued
grammatical sequence detection is based on indirect links between
word-related cell assemblies (for discussion of this neuroanatomical
argument, see Pulvermüller 2002; Pulvermüller and Knoblauch 2009).
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Licht x
Wind x
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Corpus data: co-occurrence of
nouns (left) and verbs (top) 
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DNAs (grey) and  SDs (black/white)
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priming by noun input 
Fig. 4 Combinatorial learning of noun-verb co-occurrences in an auto-
associative neuronal network model. Left panel: The matrix shows word
pair co-occurrences in a mini-corpus that served as input to the network
(verbs in top row, nouns in left column; crosses indicate co-occurrences
in text). The matrix section of frequent recombination is highlighted in
yellow. Middle panel: Neuronal elements, DNAs, for the same words
(grey circles), sequence detectors, SDs, sensitive to specific word pair
sequences (white and black circles in square arrangement), and connec-
tions between them. Black SDs indicate learning of specific sequences
of nouns and verbs previously presented to the network. Note that the
DNAs of all words previously involved in combinatorial exchanges
are interlinked by way of a conglomerate of heavily interconnected
sequence detectors, the combinatorial neuronal assembly (black SDs
and black between-SD links on top left). Formation of general links
between those nouns and verbs, which frequently occur in combination
with the respective other word group (yellow square), by formation
of the combinatorial neuronal assembly is a neuromechanistic result
of co-activation of some (not all) of the relevant SDs. Right panel:
Result of combinatorial learning for network functionality. After learn-
ing, activation of any noun involved in the combinatorial schema (yellow
square) primes all of the verbs involved to the same degree, regardless
of whether the specific word sequence itself had been subject to learn-
ing. The dynamics are discrete in the sense of an all-or-none response.
Note the generalization to not previously encountered sequences. Lexi-
cal items not participating in the combinatorial exchanges are not bound
into the combinatorial neuronal assembly (modified and adopted from
Pulvermüller and Knoblauch (2009))
In addition to the wide cortical distribution of “seman-
tic areas” (Binder and Desai 2011; Pulvermüller 2013), a
most exciting aspect of semantic processing in the human
brain is that many brain lesions affect semantic categories
to different degrees, suggesting that brain areas specialize in
specific semantic content (Fig. 5, right panel, Shallice 1988;
Warrington and McCarthy 1987). Why should this be so?
Why is there, apparently, a semantic topography whereby
animal and tool words (such as “camel” and “hammer”)
draw on different temporal and frontal areas, action concepts
(“grasp”) engage the motor system, prepositions (“under”)
involve the inferior parietal lobe, sound words (“bell”) rely on
auditory cortices and even olfactory (“cinnamon”) and gus-
tatory words (“salt”) spark activation in piriform and anterior
insular cortex (Allport 1985; Pulvermüller 1999; Binder and
Desai 2011; Pulvermüller 2013)?
An explanation of semantic topography and category
specificity is possible in terms of correlation learning
mechanisms in association with corticocortical connectiv-
ity. Lesions in, and stimulation to, the motor system have a
causal effect specifically on the processing of action-related
words, because their word forms are linked by correlated
application to action schemas whose cortical mechanisms
include neuronal populations in the motor areas of the human
brain. The explanation assumes that, at least for some typ-
ical action words learned early on in childhood, word form
processing occurs in close temporal contingency with acti-
vation of a motor program realized as a circuit reaching into
motor areas. Therefore, a higher-order circuit develops by
way of associative correlation learning that unites the repre-
sentation of the word form and that of the motor program into
one higher-order DNA. At the cognitive level, higher-order
DNAs provide the cortical “representation” and the mecha-
nism for the processing meaningful words, that is, the word
form together with its semantics, which, in the case of an
action word, includes knowledge of the motor schemas the
word is typically used to speak about.13 This consideration
13 This does not apply to all action words in everybody. Words related
to actions not typically performed by humans (“barking”), to specialist
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motivates the use of the term “thought circuit” (TC) for this
type of DNA. Stimulation of the motor part of this thought cir-
cuit can subsequently influence the processing of the action-
related word, and removal of the motor part will reduce the
overall feedback in the circuit thus yielding a processing dis-
advantage (Neininger and Pulvermüller 2003; Pulvermüller
et al. 2010, 2005; Liuzzi et al. 2010; Willems et al. 2011;
Shebani and Pulvermüller 2013).
Similar points can be made for other semantic word types
(Pulvermüller 1999). Please remember, for example, the
above mentioned findings that, odor words such as “cin-
namon” activate in primary olfactory cortex and anterior
insula (González et al. 2006) and sound words such as “bell”
draw especially on auditory areas in superior temporal cortex,
where lesions affect the sound word category most severely
(Kiefer et al. 2008). The higher-order DNAs or TCs bound
together by long-distance corticocortical fibers include word
form circuits in perisylvian cortex, category-specific parts
of the semantic circuits reaching into modality-preferential
areas and connection hubs in frontal, parietal and inferior
temporal cortex interlinking the latter. It appears that the prin-
ciple of correlation learning helps to explain a good deal of
category specificity of concepts and aspects of the “semantic
topographies” of words that relate to specific types of con-
cepts (bottom panel of Fig. 5), along with the involvement of
general semantic hub-like convergence areas. It remains to
be seen whether alternative approaches can provide alterna-
tive explanations of category-specific semantic topographies
in the cortex.14
10 Why are humans special?: A cell assembly hypothesis
The cell assembly perspective leads to a range of novel
explanations of localizations of higher human brain func-
tions. We believe that such explanation represents a crucial
step in advancing cognitive neuroscience from a descriptive
(Keplerian) to an explanatory (Newtonian) science. In pre-
vious paragraphs, we discussed explanations of the local-
ization of specific cognitive functions, including memory,
decision, attention, language and concepts. Over and above
Footnote 13 continued
actions (“pole jumping”) in nonspecialists and to standard human
actions in persons with neurological motor deficits may primarily be
learned in a perceptual manner or from linguistic context. It is an excit-
ing topic of current research to investigate differences in action-based
and perceptually based semantics in such cases.
14 An approach to category specificity has been offered in terms of
conceptual mechanisms determined by the genetic code (Shapiro and
Caramazza 2003). This perspective can explain inborn category dis-
tinctions that provide a selection advantage in natural environments,
but fails to account for intercultural differences in category systems and
does not explain the placement of cortical loci each specific category
draws upon.
this so-called where-question (see, for example, Pulvermüller
1999), there are other types of explanations, many of which
are still missing in cognitive neuroscience. In the section on
language, we already touched upon the questions of combina-
torial generalization and vocabulary size. Nevertheless, even
after these elaborations, we still lack a full answer to many
questions about the sheer size of human cognitive repertoires:
Why do humans, but not other species, develop an exquis-
ite vocabulary of so many words? Likewise, why do humans
have an over-rich action repertoire at their hands, which their
nearest neighbors lack? How come that, apparently, humans
are able to make fine-grained conceptual distinctions that are
modified by learning and can even influence the individu-
als’ perception according to categorical boundaries imma-
nent to the concepts? These questions call for answers in
neuromechanistic terms. In the remaining paragraphs, we
will elaborate on one type of answer offered by cell assembly
theory.
Accounts in terms of multiple modular cognitive systems
offer the possibility to explain the abovementioned fine cog-
nitive capacities, which make humans special, as epiphenom-
ena of an exquisitely capable neural substrate that brings to
fruit the processing potential of each of its separate compos-
ite systems or cortical areas. The key may therefore be an as
yet not discovered feature of local neuroanatomical structure
and/or neurophysiological processing that makes the areas
of the human cortex special and allows each of the individ-
ual cognitive systems to work more efficiently. This approach
may still have difficulty explaining why these human features
might have arisen in one go, with apes and monkeys lacking
all the mentioned superb abilities, whereas all (unimpaired,
not deprived) humans apparently share them. Wouldn’t it be
more plausible that a single structural or functional feature
developed first in one area and then spread gradually across
others? In this case, one might expect intermediate forms,
for example a monkey with monkey-like conceptual distinc-
tions but huge vocabulary, but such intermediate forms do
not seem to exist.
A second approach might therefore be the emergence of
one specific brain area (or small set of brain areas) that is
special and provides humans with their specific higher abil-
ities. The multiple demand network, especially its prefrontal
part, is the prime candidate in such an account, where, by
hypothesis, the parts of complex mental programs are being
separated, organized and controlled (see also the section on
decisions, Duncan 2010). However, a multiple demand net-
work in prefrontal cortex does not explain the large vocabu-
laries in the action, perception and language domains. These
large vocabularies seem to depend on specific brain areas,
including perisylvian cortex and motor systems, which show
little overlap with the multiple demand system.
The cell assembly account suggests that the key to human
cognition lies in the connections between cognitive systems,
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semantic areas / hubs semantic category effects
iFC
sTC
iPC
m/iTC
aTC / TP
action, abstract
words
sound
words
animal, tool, action, 
color, shape words
prepositions,
number words
action
words,
tools
general lexico-
semantic
face/mouth word
(“lick“)
form/shape word
(“square“)leg/foot word(“kick“)arm/hand word(“pick“)
general and category-specific semantic circuits
Fig. 5 Semantic brain mechanisms. Top left panel: Areas of particular
importance for general semantic processing as proposed in the litera-
ture. iFC inferior frontal cortex, iPC inferior parietal cortex, sTC supe-
rior temporal cortex, m/iTC middle/inferior temporal cortex, aTC ante-
rior temporal cortex, TP temporal pole. Top right panel: Cortical areas
where semantic category specificity was reported in neuropsychological
patient studies and neuroimaging research—for word categories seman-
tically related to actions (for example, “grasp”), numbers (“seven”),
space (prepositions, e.g., “under”), sound (“bell”), color (“green”),
shape (“square”), animals (“cat”), tools (“knife”) and abstract entities
(“love”, “beauty”). Middle panel: Model of general lexico-semantic
circuits shared by all word types (leftmost graph) and category-specific
circuits for four different semantic word types (from left to right: face-
related, arm-related and leg-related action words, form-related word).
Bottom panel: Brain activation for the same types of words as revealed
by fMRI experiments and cluster analysis (adopted from Pulvermüller
2013)
in their structural linkage and functional interaction. Such
interlinkage would solve a key problem at the neurocomputa-
tional level, which arises whenever fine-grained distinctions
need to be implemented in neuronal networks. From a neuro-
mechanistic perspective, it is difficult to functionally separate
circuits that share much of their neuronal resources. If two
cell assemblies overlap to a large degree, they tend to merge
functionally (Palm 1990, 1993). If one is activated, activity
spreads over to the other and both together ignite. The best
way to avoid this problem is to build architectures in which
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circuits only overlap to a small degree. One cell assembly
may intersect with many others, but, in order to separate cir-
cuits functionally, each intersection should be small relative
to the size of each cell assembly (Palm 1990, 1993). The key
to human cognition may therefore lie in overlap reduction in
cortical circuits.
How is it possible to prevent large overlaps? In case of
the representation of very similar concepts—for example the
concepts of WISH and DESIRE—the overlap of semantic
features is huge.15 Most attributes that characterize one of the
entities are also characteristic of the other, although there are
few fine-grained differences, for example, a DESIRE can be
seen as especially strong and long lasting. In a neuronal the-
ory assuming correspondence between conceptual features
and neuronal elements, the brain representations of such sim-
ilar concepts would therefore overlap substantially. The cell
assemblies of similar concepts would thus share most of their
neurons, with only few neuronal elements specific to each
conceptual circuit. This situation is illustrated schematically
in the top panel of Fig. 6.
In order to functionally separate the concepts, the neuronal
circuits would need to become more distinct. In other words,
their intersection would need to become smaller relative to
each cell assembly’s overall size. Shrinking the overlap area
does not seem to be an option, especially as neuronal ele-
ments in the overlap area would be most strongly connected
with each other due to their frequent co-activations when
either of the concepts is being processed. It appears as the
best strategy to add distinct neuron sets to each of the con-
ceptual circuits.
Relative shrinking of the overlap area can be achieved by
enlarging the distinct parts of cell assemblies. One way of
implementing this is by adding specific neuronal elements to
each assembly by correlation learning. In the case of the con-
cepts WISH and DESIRE, which are very similar in terms of
semantic features, each of the conceptual circuits could be
linked arbitrarily to maximally dissimilar symbols or word
forms, whose neuronal circuits would therefore be maxi-
mally distinct. If the entirely different word forms “wish” and
“desire” are being connected with the concepts, the resultant
enlarged lexico-conceptual circuits would exhibit a reduced
degree of overlap. The middle panel in Fig. 6 illustrates
15 It has been argued that not only concrete concepts but abstract
ones too are “grounded” in perception and action. This means that
there is semantic knowledge about specific situations, action schemas
and their context and so forth, to which the concepts apply (Barsalou
and Wiemer-Hastings 2005). Consistent with this notion, neuroscience
research showed that the processing of abstract emotion-loaded con-
cepts such as WISH and DESIRE relates to brain activity in a range
of brain structures with known roles in action and emotion processing
(Moseley et al. 2012; Vigliocco et al. 2013). The mechanism of overlap
reduction, which we outline below, is assumed to apply across cortical
areas, including sensorimotor and multimodal cortices, and the limbic
system.
WISH
DESIRE
“wish”
“desire”
WISH
DESIRE
KICKING
PICKING
“kick”
“pick”
Fig. 6 Overlap reduction in distributed neuronal assemblies or thought
circuits (DNAs/TCs) as a mechanism for fine-grained cognitive discrim-
ination. The top panel illustrates the overlap and functional separation
problem for the concepts WISH and DESIRE, which are semantically
very similar so that their cell assemblies overlap substantially and there-
fore activate each other and are difficult to separate functionally. It is
unclear how a conceptual network can separate such conceptual circuits.
Middle panel: Overlap reduction can be achieved by binding each cir-
cuit with an entirely different circuit, by cross-modality transcortical
linking. Similar concept circuits are linked to dissimilar word form cir-
cuits; therefore, the neuronal overlap of the entire TCs is being reduced.
Bottom panel: The mechanisms work both ways, also the circuits of sim-
ilar word forms can be made more distinct by way of conceptual links.
Overlap reduction in DNAs/TCs provides a mechanism for fine-grained
conceptual, linguistic, perceptual and motor discrimination and may be
key to human cognition
this mechanism. By cross-system association of word forms
and concepts, and development of a higher-order semantic
circuit, the degree of overlap between the widely distrib-
uted DNA/TCs is reduced (from 66 to 33 % in the exam-
ple).
We submit that shrinking the overlap of cell assemblies
by adding distinct assembly parts is the key evolutionary
advance of the human brain. It may be the learned links
between concepts and words that enabled humans to make so
many and so fine-grained conceptual distinctions. The mech-
anism works both ways: also similar word forms, such as the
words “pick” and “kick”, whose cell assemblies may overlap
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to a great extent and may be more easily separated function-
ally if they are linked to entirely different concepts (see bot-
tom panel of Fig. 6). The mechanism is not limited to classic
conceptual-linguistic discrimination. The huge human motor
and action repertoire may be causally related to the possibility
to verbally distinguish numerous minimally different action
schemas. Even the abilities to perceptually distinguish colors,
spatial locations, tastes, emotions, etc. may be driven, in part,
by available linguistic tools. The overlap reduction by cross-
modality binding of information may account for several of
the features of specifically human cognitive processing dis-
cussed previously.
The suggestions that language drives cognition and per-
ception had previously been made by scholars that viewed
language structure as a driving force of cognitive and percep-
tual processes (von Humboldt 1836; Whorf 1956). Recent
evidence has, in part, supported a role of language in spatial
cognition, color perception and emotion processing (Regier
and Kay 2009; Majid et al. 2004; Gendron et al. 2012;
Winawer et al. 2007; Thierry et al. 2009). The cell assem-
bly model now provides a tentative explanation why this
may be so. As mentioned above, the overlap reduction idea
also implies the reverse mechanism, the easier discrimina-
tion of linguistic tools, for example speech sounds, when
they are used to make meaningful distinctions. Note that it is
well established that speech sounds regularly used to distin-
guish concepts (for example the vowels [i] and [y] in French)
are themselves easier to distinguish, whereas sound distinc-
tions that do not serve a linguistic role in one’s language
may not be perceived as well and elicit reduced acoustic-
phonological brain responses (Näätänen et al. 1997; Diaz et
al. 2008).
If shrinking cell assembly overlap by cross-modality
binding of information is critical for human cognition, a
range of further predictions results. Are there more power-
ful connections between the relevant brain systems (includ-
ing perisylvian, visual and motor areas) in humans com-
pared with their monkey relatives (for recent positive evi-
dence, see Rilling 2014)? Would learning a new color term
changes both behavioral color discrimination and the color-
elicited brain response? Is the learning of a new action
repertoire facilitated by concordant linguistic discrimina-
tion? Would lesions in the connection pathways between
language, action and perception systems reduce the ability
to perform minimally different actions and to make percep-
tual distinctions? And would it likewise impair the discrim-
ination of words? Further questions apply in the transla-
tional domain: Would the teaching and therapy of language,
action and perception in healthy people and neurologically
impaired individuals profit from taking advantage of cross-
modality information linkage? For example, one sugges-
tion has been that aphasia therapy works more efficiently
if the method applied takes into account the functional con-
nections between language and action systems documented
by neuroscience research (Berthier and Pulvermüller 2011).
Finally, would neurocomputational networks that intrinsi-
cally interlink language, perception and action information
through cross-modality links allow for more efficient mod-
eling of cognitive functions than conventional models sepa-
rating these systems functionally? Could these neurocompu-
tational systems advance robotics in leading to more human
like artifacts? A wealth of new research streams and trans-
lational perspectives is opened by the concept of distributed
neuronal assemblies functioning as thought circuits, whose
main advantage is to provide a mechanism for conceptual
differentiation by overlap reduction and multimodal bind-
ing.
11 Summary
Using Braitenberg’s brain-theoretical considerations about
cell assemblies and their embedding into cortical neu-
roanatomy and function as a starting point (Braitenberg
1978), we explain how the concept of a widely distrib-
uted neuronal assembly, DNA, or thought circuit, TC, can
model a range of cognitive processes. Crucially, this cell
assembly perspective offers an explanation why cognitive
brain processes are related to specific brain areas. Cortico-
cortical connection structure and the loci of correlated neu-
ronal activity during learning together explain the location
of the areas relevant for language and visuomotor process-
ing. The facts that higher cognitive processes of memorizing
actions or taking decisions are not attributable to motor or
sensory brain systems, but rather draw heavily on adjacent
multimodal cortex, are explained by corticocortical connec-
tion structure, especially the high connectivity of these mul-
timodal sites with sensorimotor areas and the consequent
formation of DNA cores there. Category-specific meaning
processes in brain areas specialized for particular semantic
types are in part explained by correlation learning of word
form and concordant modality-specific semantic informa-
tion. Thus, instead of being restricted to a report of brain–
cognition correlates, the concept of a widely distributed cell
assembly interlinking information types, or DNA/TC, opens
perspectives on explaining why mental processes map on
their respective cortical areas. Over and above localization
questions, the DNA/TC approach addresses functional ques-
tions, why attention to unknown materials is more important
for their processing than for familiar signs such as a high-
frequency word or one’s own name. DNAs also provide a
mechanism for combinatorial generalization and for seman-
tically linking words and concepts (or thoughts). Spelled out
in terms of DNA/TCs, what makes humans special is the abil-
ity to interlink information between distant brain areas and
thereby shrink the overlap between representations. Over-
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lap reductions may be a key prerequisite for the emergence
of huge vocabularies, action repertoires and conceptual sys-
tems.
Acknowledgments Supported by the Deutsche Forschungsgemein-
schaft (Excellence Cluster LoE, Pu 97/15, Pu 97/16), the Freie Univer-
sität Berlin, and the Medical Research Council (MC_US_A060_0034,
U1055.04.003.00001.01), the Engineering and Physical Sciences
Research Council and the Behavioural and Brain Sciences Research
Council (BABEL grant, EP/J004561/1).
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
References
Abeles M (1991) Corticonics—neural circuits of the cerebral cortex.
Cambridge University Press, Cambridge
Allport DA (1985) Distributed systems, modular subsystems and dys-
phasia. In: Newman SK, Epstein R (eds) Current perspectives in
dysphasia. Churchill Livingstone, Edinburgh, pp 207–244
Baddeley A (2003) Working memory: looking back and looking for-
ward. Nat Rev Neurosci 4(10):829–839
Barlow H, Levick WR (1965) The mechanism of directionally selective
units in rabbit’s retina. J Physiol 178:477–504
Barsalou LW, Wiemer-Hastings K (2005) Situating abstract concepts.
In: Pecher D, Zwaan R (eds) Grounding cognition: the role of per-
ception and action in memory, language, and thought. Cambridge
University Press, New York, pp 129–163
Bechtel W (1994) Levels of description and explanation in cognitive
science. Minds Mach 4:1–24
Berthier ML, Pulvermüller F (2011) Neuroscience insights improve
neurorehabilitation of post-stroke aphasia. Nat Rev Neurol 7(2):86–
97
Bibbig A, Wennekers T, Palm G (1995) A neural network model of the
cortico-hippocampal interplay and the representation of contexts.
Behav Brain Res 66(1–2):169–175
Bienenstock E (1994) A model of the neocortex. Netw: Comput Neural
Syst 6:179–224
Binder JR, Desai RH (2011) The neurobiology of semantic memory.
Trends Cogn Sci 15(11):527–536. doi:10.1016/j.tics.2011.10.001
Bookheimer S (2002) Functional MRI of language: new approaches
to understanding the cortical organization of semantic processing.
Annu Rev Neurosci 25:151–188
Braitenberg V (1978) Cell assemblies in the cerebral cortex. In: Heim
R, Palm G (eds) Theoretical approaches to complex systems. (Lec-
ture notes in biomathematics, vol. 21). Springer, Berlin, pp 171–
188
Braitenberg V (1984) Vehicles: experiments in synthetic psychology.
MIT Press, Boston
Braitenberg V, Pulvermüller F (1992) Entwurf einer neurologischen
Theory der Sprache. Die Naturwissenschaften 79:103–117
Braitenberg V, Schüz A (1992) Basic features of cortical connectiv-
ity and some considerations on language. In: Wind J, Chiarelli B,
Bichakjian BH, Nocentini A, Jonker A (eds) Language origin: a
multidisciplinary approach. Kluwer, Dordrecht, pp 89–102
Braitenberg V, Schüz A (1998) Cortex: statistics and geometry of neu-
ronal connectivity, 2nd edn. Springer, Berlin
Buchel C, Raedler T, Sommer M, Sach M, Weiller C, Koch MA (2004)
White matter asymmetry in the human brain: a diffusion tensor MRI
study. Cereb Cortex 14(9):945–951. doi:10.1093/cercor/bhh055
Buzsáki G (2010) Neural syntax: cell assemblies, synapsembles, and
readers. Neuron 68(3):362–385
Catani M, Jones DK, Ffytche DH (2005) Perisylvian language networks
of the human brain. Ann Neurol 57(1):8–16
Darden L, Maull N (1977) Interfield Theories. Philos Sci 43:44–
64
Deco G, Jirsa VK, McIntosh AR (2011) Emerging concepts for the
dynamical organization of resting-state activity in the brain. Nat Rev
Neurosci 12(1):43–56. doi:10.1038/nrn2961
Deco G, Rolls ET, Albantakis L, Romo R (2013) Brain mechanisms
for perceptual and reward-related decision-making. Prog Neurobiol
103:194–213. doi:10.1016/j.pneurobio.2012.01.010
Del Giudice M, Manera V, Keysers C (2009) Programmed to learn? The
ontogeny of mirror neurons. Dev Sci 12(2):350–363. doi:10.1111/j.
1467-7687.2008.00783.x
Diaz B, Baus C, Escera C, Costa A, Sebastian-Galles N (2008) Brain
potentials to native phoneme discrimination reveal the origin of indi-
vidual differences in learning the sounds of a second language. Proc
Natl Acad Sci USA 105(42):16083–16088
Diesmann M, Gewaltig MO, Aertsen A (1999) Stable propaga-
tion of synchronous spiking in cortical neural networks. Nature
402(6761):529–533
Doursat R, Bienenstock E (2006) Neocortical self-structuration as a
basis for learning. In: 5th International conference on development
and learning (ICDL 2006), May 31–June 3, 2006, Indiana University,
Bloomington, Indiana
Dubois J, Hertz-Pannier L, Cachia A, Mangin JF, Le Bihan D, Dehaene-
Lambertz G (2009) Structural asymmetries in the infant language and
sensori-motor networks. Cereb Cortex 19(2):414–423. doi:10.1093/
cercor/bhn097
Duncan J (2006) EPS Mid-Career Award 2004: brain mechanisms of
attention. Q J Exp Psychol (Colchester) 59(1):2–27
Duncan J (2010) The multiple-demand (MD) system of the primate
brain: mental programs for intelligent behaviour. Trends Cogn Sci
14(4):172–179. doi:10.1016/j.tics.2010.01.004
Duncan J, Owen AM (2000) Common regions of the human frontal
lobe recruited by diverse cognitive demands. Trends Neurosci
23(10):475–483
Egorova N, Shtyrov Y, Pulvermüller F (2013) Early and parallel process-
ing of pragmatic and semantic information in speech acts: neuro-
physiological evidence. Frontiers Hum Neurosci 7(86):1–13. doi:10.
3389/fnhum.2013.00086
Elbert T, Rockstroh B (1987) Threshold regulation—a key to the under-
standing of the combined dynamics of EEG and event related poten-
tials. J Psychophysiol 4:317–333
Elman JL, Bates L, Johnson M, Karmiloff-Smith A, Parisi D, Plun-
kett K (1996) Rethinking innateness. A connectionist perspective on
development. MIT Press, Cambridge
Engel A, Bangert M, Horbank D, Hijmans BS, Wilkens K, Keller
PE, Keysers C (2012) Learning piano melodies in visuo-motor or
audio-motor training conditions and the neural correlates of their
cross-modal transfer. NeuroImage 63(2):966–978. doi:10.1016/j.
neuroimage.2012.03.038
Engel AK, König P, Kreiter AK, Schillen TB, Singer W (1992) Tem-
poral coding in the visual cortex: new vistas on integration in the
nervous system. Trends Neurosci 15:218–226
Engel AK, Singer W (2001) Temporal binding and the neural correlates
of sensory awareness. Trends Cogn Sci 5(1):16–25
Fadiga L, Craighero L, Buccino G, Rizzolatti G (2002) Speech listening
specifically modulates the excitability of tongue muscles: a TMS
study. Eur J Neurosci 15(2):399–402
Fuster JM (1995) Memory in the cerebral cortex. An empirical approach
to neural networks in the human and nonhuman primate. MIT Press,
Cambridge
Fuster JM (2003) Cortex and mind: unifying cognition. Oxford Univer-
sity Press, Oxford
123
Biol Cybern
Fuster JM (2008) The prefrontal cortex, 4th edn. Elsevier, London
Fuster JM (2009) Cortex and memory: emergence of a new paradigm.
J Cogn Neurosci 21(11):2047–2072
Garagnani M, Pulvermüller F (2013) Neuronal correlates of decisions
to speak and act: spontaneous emergence and dynamic topographies
in a computational model of frontal and temporal areas. Brain Lang.
doi:10.1016/j.bandl.2013.02.001
Garagnani M, Shtyrov Y, Pulvermüller F (2009) Effects of attention
on what is known and what is not: MEG evidence for functionally
discrete memory circuits. Frontiers in human neuroscience 3(10).
doi:10.3389/neuro.3309.3010.2009
Garagnani M, Wennekers T, Pulvermüller F (2007) A neuronal model
of the language cortex. Neurocomputing 70:1914–1919
Garagnani M, Wennekers T, Pulvermüller F (2008) A
neuroanatomically-grounded Hebbian learning model of attention-
language interactions in the human brain. Eur J Neurosci 27(2):492–
513
Garagnani M, Wennekers T, Pulvermüller F (2009b) Recruitment and
consolidation of cell assemblies for words by way of Hebbian learn-
ing and competition in a multi-layer neural network. Cogn Comput
1(2):160–176
Gendron M, Lindquist KA, Barsalou L, Barrett LF (2012) Emotion
words shape emotion percepts. Emotion 12(2):314–325. doi:10.
1037/a0026007
Gerstein GL, Bedenbaugh P, Aertsen AMHJ (1989) Neuronal assem-
blies. IEEE Trans Biomed Eng 36:4–14
Geschwind N (1970) The organization of language and the brain. Sci-
ence 170:940–944
González J, Barros-Loscertales A, Pulvermüller F, Meseguer V, Sanjuán
A, Belloch V, Ávila C (2006) Reading cinnamon activates olfactory
brain regions. NeuroImage 32(2):906–912
Hanuschkin A, Ganguli S, Hahnloser RH (2013) A Hebbian learning
rule gives rise to mirror neurons and links them to control theoretic
inverse models. Front Neural Circuits 7:106. doi:10.3389/fncir.2013.
00106
Harris KD (2005) Neural signatures of cell assembly organization. Nat
Rev Neurosci 6(5):399–407
Haug H (1987) Brain sizes, surfaces, and neuronal sizes of the cortex
cerebri: a stereological investigation of man and his variability and
a comparison with some mammals (primates, whales, marsupials,
insectivores, and one elephant). Am J Anat 180(2):126–142
Hayon G, Abeles M, Lehmann D (2005) A model for representing the
dynamics of a system of synfire chains. J Comput Neurosci 18(1):41–
53
Hebb DO (1949) The organization of behavior. A neuropsychological
theory. Wiley, New York
Heekeren HR, Marrett S, Ungerleider LG (2008) The neural systems
that mediate human perceptual decision making. Nat Rev Neurosci
9(6):467–479. doi:10.1038/nrn2374
Heyes C (2010) Where do mirror neurons come from? Neurosci Biobe-
havioral Rev 34(4):575–583. doi:10.1016/j.neubiorev.2009.11.007
Hickok G, Poeppel D (2007) The cortical organization of speech
processing. Nat Rev Neurosci 8(5):393–402
Hillis AE, Wityk RJ, Tuffiash E, Beauchamp NJ, Jacobs MA, Barker
PB, Selnes OA (2001) Hypoperfusion of Wernicke’s area predicts
severity of semantic deficit in acute stroke. Ann Neurol 50(5):561–
566
Hubel D (1995) Eye, brain, and vision, 2nd edn. Scientific American
Library, New York
Humble J, Denham S, Wennekers T (2012) Spatio-temporal pattern
recognizers using spiking neurons and spike-timing-dependent plas-
ticity. Frontiers Comput Neurosci 6:84. doi:10.3389/fncom.2012.
00084
Huyck CR, Passmore PJ (2013) A review of cell assemblies. Biol
Cybern 107(3):263–288. doi:10.1007/s00422-013-0555-5
Jackendoff R (2002) Foundations of language: brain, meaning, gram-
mar, evolution. Oxford University Press, Oxford
Kiefer M, Sim EJ, Herrnberger B, Grothe J, Hoenig K (2008) The sound
of concepts: four markers for a link between auditory and concep-
tual brain systems. J Neurosci: Off J Soc Neurosci 28(47):12224–
12230
Knoblauch A, Palm G (2001) Pattern separation and synchronization in
spiking associative memories and visual areas. Neural Netw: Neural
Netw Soc 14(6–7):763–780
Knoblauch A, Palm G (2002) Scene segmentation by spike synchro-
nization in reciprocally connected visual areas. I. Local effects of
cortical feedback. Biol Cybern 87(3):151–167
Knoblauch A, Pulvermüller F (2005) Sequence detector networks and
associative learning of grammatical categories. In: Wermter S, Palm
G, Elshaw M (eds) Biomimetic neural learning for intelligent robots.
Springer, Berlin, pp 31–53
Kohler E, Keysers C, Umilta MA, Fogassi L, Gallese V, Rizzolatti G
(2002) Hearing sounds, understanding actions: action representation
in mirror neurons. Science 297(5582):846–848
Lepage JF, Theoret H (2007) The mirror neuron system: grasping oth-
ers’ actions from birth? Dev Sci 10(5):513–523
Lichtheim L (1885) On aphasia. Brain: J Neurol 7:433–484
Liuzzi G, Freundlieb N, Ridder V, Hoppe J, Heise K, Zimerman M,
Dobel C, Enriquez-Geppert S, Gerloff C, Zwitserlood P, Hummel
FC (2010) The involvement of the left motor cortex in learning of a
novel action word lexicon. Curr Biol 20(19):1745–1751
Locke JL (1993) The child’s path to spoken language. Harvard Univer-
sity Press, Cambridge
Majid A, Bowerman M, Kita S, Haun DB, Levinson SC (2004) Can
language restructure cognition? The case for space. Trends Cogn
Sci 8(3):108–114
Marr D (1982) Vision. A computational investigation into the human
representation and processing of visual information. W.H. Freeman,
San Francisco
Marslen-Wilson W (1990) Activation, competition, and frequency in
lexical access. In: Altmann G (ed) Cognitive models of speech
processing: psycholinguistic and computational perspectives. MIT
Press, Cambridge
Marslen-Wilson WD (1987) Functional parallelism in spoken word-
recognition. Cognition 25(1–2):71–102
Martin A, Haxby JV, Lalonde FM, Wiggs CL, Ungerleider LG (1995)
Discrete cortical regions associated with knowledge of color and
knowledge of action. Science 270:102–105
McClelland JL, Rumelhart DE, The PDP Research Group (1986) Par-
allel distributed processing: explorations in the microstructure of
cognition. MIT Press, Cambridge
Miller R (1991) Cortico-hippocampal interplay and the representation
of contexts in the brain. Springer, Berlin
Miller R, Wickens JR (1991) Corticostriatal cell assemblies in selective
attention and in representation of predictable and controllable events:
a general statement of corticostriatal interplay and the role of striatal
dopamine. Concepts Neurosci 2:65–95
Milner PM (1957) The cell assembly: Mk. II. Psychol Rev 64:242–252
Milner PM (1996) Neural representation: some old problems revisited.
J Cogn Neurosci 8:69–77
Moseley R, Carota F, Hauk O, Mohr B, Pulvermüller F (2012) A role
for the motor system in binding abstract emotional meaning. Cereb
Cortex 22(7):1634–1647. doi:10.1093/cercor/bhr238
Näätänen R, Lehtikoski A, Lennes M, Cheour M, Huotilainen M, Iivo-
nen A, Vainio A, Alku P, Ilmoniemi RJ, Luuk A, Allik J, Sinkkonen J,
Alho K (1997) Language-specific phoneme representations revealed
by electric and magnetic brain responses. Nature 385:432–434
Neininger B, Pulvermüller F (2003) Word-category specific deficits
after lesions in the right hemisphere. Neuropsychologia 41(1):53–70
Palm G (1982) Neural assemblies. Springer, Berlin
123
Biol Cybern
Palm G (1990) Cell assemblies as a guideline for brain research. Con-
cepts Neurosci 1:133–147
Palm G (1993) On the internal structure of cell assemblies. In: Aertsen A
(ed) Brain theory: spatio-temporal aspects of brain function. Elsevier,
Amsterdam, pp 261–270
Palm G, Sommer FT (1995) Associative data storage and retrieval
in neural networks. In: Domany E, van Hemmen JL, Schulten K
(eds) Models of neural networks III. Springer, New York, pp 79–
118
Patterson K, Nestor PJ, Rogers TT (2007) Where do you know what
you know? The representation of semantic knowledge in the human
brain. Nat Rev Neurosci 8(12):976–987
Plenz D, Thiagarajan TC (2007) The organizing principles of neu-
ronal avalanches: cell assemblies in the cortex? Trends Neurosci
30(3):101–110
Ponzi A, Wickens J (2010) Sequentially switching cell assemblies
in random inhibitory networks of spiking neurons in the striatum.
J Neurosci: Off J Soc Neurosci 30(17):5894–5911. doi:10.1523/
JNEUROSCI.5540-09.2010
Price CJ (2012) A review and synthesis of the first 20 years of PET and
fMRI studies of heard speech, spoken language and reading. Neu-
roImage 62(2):816–847. doi:10.1016/j.neuroimage.2012.04.062
Pulvermüller F (1993) On connecting syntax and the brain. In: Aertsen
A (ed) Brain theory— spatio-temporal aspects of brain function.
Elsevier, New York, pp 131–145
Pulvermüller F (1999) Words in the brain’s language. Behav Brain Sci
22:253–336
Pulvermüller F (2002) The neuroscience of language. Cambridge Uni-
versity Press, Cambridge
Pulvermüller F (2010) Brain embodiment of syntax and grammar: dis-
crete combinatorial mechanisms spelt out in neuronal circuits. Brain
Lang 112(3):167–179
Pulvermüller F (2013) How neurons make meaning: brain mechanisms
for embodied and abstract-symbolic semantics. Trends Cognit Sci
17(9):458–470. doi:10.1016/j.tics.2013.06.004
Pulvermüller F, Cooper-Pye E, Dine C, Hauk O, Nestor PJ, Patterson
K (2010) The word processing deficit in semantic dementia: all cat-
egories are equal but some categories are more equal than others. J
Cogn Neurosci 22(9):2027–2041
Pulvermüller F, Fadiga L (2010) Active perception: sensorimotor cir-
cuits as a cortical basis for language. Nat Rev Neurosci 11(5):351–
360
Pulvermüller F, Garagnani M (2014) From sensorimotor learning to
memory cells in prefrontal and temporal association cortex: a neu-
rocomputational study of disembodiment. Cortex 75:1–21
Pulvermüller F, Hauk O, Nikulin VV, Ilmoniemi RJ (2005) Func-
tional links between motor and language systems. Eur J Neurosci
21(3):793–797
Pulvermüller F, Huss M, Kherif F, Martin F, Hauk O, Shtyrov Y (2006)
Motor cortex maps articulatory features of speech sounds. Proc Natl
Acad Sci USA 103(20):7865–7870
Pulvermüller F, Kiff J, Shtyrov Y (2012) Can language-action links
explain language laterality?: an ERP study of perceptual and articu-
latory learning of novel pseudowords. Cortex Study Nerv Syst Behav
48(7):471–481. doi:10.1016/j.cortex.2011.02.006
Pulvermüller F, Knoblauch A (2009) Discrete combinatorial circuits
emerging in neural networks: a mechanism for rules of grammar
in the human brain? Neural Netw: Neural Netw Soc 22(2):161–
172
Pulvermüller F, Moseley R, Egorova N et al. (2014) Motor cognition—
motor semantics: action-perception theory of cognitive and commu-
nicative cortical function. Neuropsychologia 55:71–84
Regier T, Kay P (2009) Language, thought, and color: Whorf was half
right. Trends Cogn Sci 13(10):439–446. doi:10.1016/j.tics.2009.07.
001
Reichardt W, Varju D (1959) Übertragungseigenschaften im
Auswertesystem für das Bewegungssehen. Zeitschrift für Natur-
forschung 14b:674–689
Rilling JK (2014) Comparative primate neuroimaging: insights into
human brain evolution. Trends Cogn Sci 18:46–55
Rilling JK, Glasser MF, Preuss TM, Ma X, Zhao T, Hu X, Behrens TE
(2008) The evolution of the arcuate fasciculus revealed with com-
parative DTI. Nat Neurosci 11(4):426–428
Rizzolatti G, Craighero L (2004) The mirror-neuron system. Annu Rev
Neurosci 27:169–192
Rizzolatti G, Luppino G (2001) The cortical motor system. Neuron
31(6):889–901
Rogers TT, McClelland JL (2004) Semantic cognition. A parallel dis-
tributed processing approach. MIT Press, Cambridge
Shallice T (1982) Specific impairments of planning. Philos Trans R Soc
Lond B Biol Sci 298(1089):199–209
Shallice T (1988) From neuropsychology to mental structure. Cam-
bridge University Press, New York
Shapiro K, Caramazza A (2003) The representation of grammatical
categories in the brain. Trends Cogn Sci 7(5):201–206
Shastri L, Ajjanagadde V (1993) From simple associations to sys-
tematic reasoning: a connectionist representation of rules, variables
and dynamic bindings using temporal synchrony. Behav Brain Sci
16:417–494
Shebani Z, Pulvermüller F (2013) Moving the hands and feet specifi-
cally impairs working memory for arm- and leg-related action words.
Cortex Study Nerv Syst Behav 49(1):222–231. doi:10.1016/j.cortex.
2011.10.005
Shtyrov Y, Kujala T, Pulvermüller F (2010) Interactions between lan-
guage and attention systems: early automatic lexical processing? J
Cogn Neurosci 22(7):1465–1478
Singer W, Engel AK, Kreiter AK, Munk MHJ, Neuenschwander S,
Roelfsema PR (1997) Neuronal assemblies: necessity, signature and
detectability. Trends Cogn Sci 1:252–262
Sougné J (2001) Binding and multiple instantiation in a distributed
network of spiking nodes. Connect Sci 13(2):99–126
Stoet G, Snyder LH (2009) Neural correlates of executive control func-
tions in the monkey. Trends Cogn Sci 13(5):228–234. doi:10.1016/
j.tics.2009.02.002
Thierry G, Athanasopoulos P, Wiggett A et al (2009) Unconscious
effects of language-specific terminology on preattentive color per-
ception. Proc Natl Acad Sci USA106:4567–4570
Thompson-Schill SL, Bedny M, Goldberg RF (2005) The frontal
lobes and the regulation of mental activity. Curr Opin Neurobiol
15(2):219–224. doi:10.1016/j.conb.2005.03.006
Ueno T, Saito S, Rogers TT, Lambon Ralph MA (2011) Lichtheim 2:
synthesizing aphasia and the neural basis of language in a neuro-
computational model of the dual dorsal-ventral language pathways.
Neuron 72(2):385–396
van Heerden PJ, Willshaw DJ, Longuet-Higgens HC, Buneman OP
(1970) Models for the brain. Nature 225(228):177–178
Verduzco-Flores S, Bodner M, Ermentrout B, Fuster JM, Zhou Y (2009)
Working memory cells’ behavior may be explained by cross-regional
networks with synaptic facilitation. PloS one 4(8):e6399
Verduzco-Flores SO, Bodner M, Ermentrout B (2012) A model for
complex sequence learning and reproduction in neural populations. J
Comput Neurosci 32(3):403–423. doi:10.1007/s10827-011-0360-x
Vigliocco G, Kousta ST, Della Rosa PA, Vinson DP, Tettamanti M,
Devlin JT, Cappa SF (2013) The neural representation of abstract
words: the role of emotion. Cereb Cortex. doi:10.1093/cercor/bht025
von der Malsburg C (1995) Binding in models of perception and brain
function. Curr Opin Neurobiol 5:520–526
von Humboldt W (1836) Über die Verschiedenheit des menschlichen
Sprachbaus und ihren Einfluss auf die geistige Entwicklung des Men-
schengeschlechts. Königliche Akademie der Wissenschaften, Berlin
123
Biol Cybern
Warrington EK, McCarthy RA (1987) Categories of knowledge: fur-
ther fractionations and an attempted integration. Brain: J Neurol
110:1273–1296
Watkins KE, Strafella AP, Paus T (2003) Seeing and hearing speech
excites the motor system involved in speech production. Neuropsy-
chologia 41(8):989–994
Wennekers T (2009) On the natural hierarchical composition of cliques
in cell assemblies. J Cogn Comput 1:128–138
Wennekers T, Palm G (2009) Syntactic sequencing in Hebbian cell
assemblies. Cogn Neurodyn 3:429–441
Wennekers T, Garagnani M, Pulvermüller F (2006) Language models
based on Hebbian cell assemblies. J Physiol Paris 100:16–30
Wernicke C (1874) Der aphasische Symptomenkomplexe. Eine psy-
chologische Studie auf anatomischer Basis, Kohn und Weigert
Whorf BL (1956) Language, thought and reality: selected writings.
Technology Press of Massachusetts Institute of Technology, Cam-
bridge
Willems RM, Labruna L, D’Esposito M, Ivry R, Casasanto D (2011)
A functional role for the motor system in language understanding:
evidence from theta-burst transcranial magnetic stimulation. Psychol
Sci 22(7):849–854. doi:10.1177/0956797611412387
Willwacher G (1976) Fähigkeiten eines assoziativen speichersystems
im Vergleich zu Gehirnfunktionen. Biol Cybern 24:181–198
Winawer J, Witthoft N, Frank MC, Wu L, Wade AR, Boroditsky L
(2007) Russian blues reveal effects of language on color discrimina-
tion. Proc Natl Acad Sci USA 104(19):7780–7785
Yeung HH, Werker JF (2013) Lip movements affect infants’ audiovisual
speech perception. Psychol Sci (in press)
Zipser D, Kehoe B, Littlewort G, Fuster JM (1993) A spiking network
model of short-term active memory. J Neurosci 13(8):3406–3420
123
